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Nomenclature

Ab maximum body cross-sectional area

CD total drag coefficient

Cf tunnel wall skin friction coefficient

Cp pressure coefficient

D total body drag

Rb maximum body radius

RI  sting radius

RO tunnel radius

ReL reference Reynolds number

Rex local Reynolds number

p fluid pressure

PB sting base pressure

r radius coordinate

u axial velocity

x axial coordinate

p fluid density

0 momentum deficit area coefficient

T shear stress

Subscripts:

1,2 initial and final control surface stations

-conditions far upstream of the body

- w conditions at tunnel wall



-Wem 0I

-4- 25 June 1985
KCK:lhz

List of Figures

Page

Figure 1. Open System Control Volume for the Body/Sting Configuration .23

Figure 2. Open System Control Volume for the Closed Body
Configuration ............ . . . .. .. .. .. . .24

Figure 3. Normalized Velocity Profiles Obtained from the Douglas-
Neumann tnviscid Code . .. .. .. .. .. .. .. . .. . . 25

Figure 4. Comparison of Body/Sting and Conical Tail Geometry . . . . . . 26

Figu~re 5. Drag Results for Laminar Flow Body with Sting. ........ 27

Figure 6. Drag Results for Laminar Flow Body with Conical Tail . . . . . 28

Figure 7. Comparison of Laminar Flow Body Drag Approximations for
Body/Sting and Closed Body Configurations . . . *.. .. .... 29

Figure 8. Comparison of Closed Body Drag Approximation Results with
HLF Body Experimental Data .. . ... . . . . . .. .. .. .. 30

List of Tables

Page

Table 1. Drag Approximation Results for ARL Heated Laminar Flow Body . 22

L

S- --



-5- 25 June 1985
KCK:lhz

Introduction

The problem of numerically approximating the total drag coefficient of aX

body of revolution in a tube requires the determination of the entire flow

field about the body and body wake. An interacting boundary layer approach,

where the outer inviscid flow is linked to the boundary layer on the body by

an iterative technique, would be the most accurate method to accomplish this

[1). For flow in a tube, the boundary layer on the tube wall would also need

to be considered, as well as regions of strong interaction between the I
inviscid and viscous layers in the tail region of the body. Regions of

separated flow might also need to be treated.

Such an interacting boundary layer approach would require sophisticated

and complex computational methods and codes which are not readily available.

Since the most accurate methods are not available, it is reasonable to

examine a simplified approach, especially if only an estimate is required,

not a high accuracy solution. The simplified approach would seek the best

possible approximation for the drag coefficient using available tools. This

estimate of drag coefficient values would be useful before beginning an

experimental test in a water tunnel where drag values are to be measured.2

The numerical estimate would provide a check for experimental data being

gathered.

A study is made here to determine an accurate but simple method to

* numerically approximate the drag coefficient of a body of revolution in a

tube when the body diameter is an appreciable fraction of the tube diameter.

The system geometry considered is modeled on the heated laminar flow body

operating in the Garfield Thomas 48-inch diameter water tunnel, e.g.,

Ref. [2]. The flow is assumed to be axisymmetric and incompressible, with

no heat addition.

%I

21. U. -
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To begin the examination of the problem, a standard control volume

approach is applied to the system. Numerical techniques for approximating

the total drag coefficient of the body are then developed after considering

the results of the control surface analysis. These approximations are

applied to the laminar flow body geometry using currently available codes

to obtain a drag coefficient variation with reference Reynolds number.

Drag Coefficient Analysis

In Ref. [3], a standard open control volume treatment of a body/sting

combination in a tube is considered. The drag of the body is obtained by

applying conservation of momentum to the system. This approach can also

be applied with minor changes to a closed body with a displacement wake

continuing downstream and out of the control surface. Refer to Appendix A

for a detailed development of this analysis and to Figures I and 2 for

system schematics of the body/sting and closed body systems, respectively.

The result of the control surface analysis for the body/sting

combination, given in Appendix A by Eq. (A.8), is2

R ~ R

CD=-- [02 - f C ;d - f C £d Cfd ] . (1)

Rb p2R
10 1l

Similarly, for the closed body,

R 0 x 2

CD 2Z..[2 2 f C rd~ r 0 Cfdx] (2)
R 0 p2
b x

Note: Carets (^) indicate normalized quantities. The maximum body radius is
the reference length.
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*[see Eq. (A.11)]. The main difference between Eqs. (1) and (2) is the base

pressure term included in Eq. (1) due to the use of the sting mount. The

base pressure is often corrected for in experimental procedures. This

practice is assumed to be used here, eliminating the need for a correctionj

in the analysis. Then Eq. (1) becomes

R iX0l j
C 10 f Ce -- dr- f Cf . (3)
D R2 2P2 f.X

Rb R X

Comparing Eqs. (2) and (3) for the closed body and body/sting systems

respectively, shows them to be almost identical except for the lower

integration limit on the momentum deficit and pressure terms. This

difference is due to the presence of the sting at Station 2 of the

control surface.

There are three main terms in Eqs. (2) and (3) which contribute to

the drag:

(1) momentum deficit area from the body boundary layer,

(2) pressure variation across the tube radius at Station 2

of the control surface, and

(3) skin friction on the tube or tunnel wall.

All three terms are integral quantities. The momentum deficit area is the

dominant term and is dependent upon the boundary layer development on the

body, particularly at the tail/sting region. The momentum deficit will

vary corresponding to laminar or turbulent flow and attached or separated

boundary layers.

The second term is an integral dependent on the pressure distribution

across the tube radius at the final station of the control surface. This

term becomes a factor in the drag calculation because the final station
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is taken. only a small distance behind the body or back along the sting.

The pressure across the tube at this point has not returned to the free-

stream pressure as it would at a large distance downstream of the body.

Extending the domain infinitely far downstream, however is not feasible.

The pressure term is significantly influenced by the body boundary layer

and wake and the tunnel boundary layer.

The tunnel wall skin friction term requires the calculation of the skin

friction coefficient along the tunnel wall from Station xI to x2, assuming

it to be constant around the tunnel circumference at any one axial station.

This term is included to account for the effects of the tunnel wall boundary

layer. A standard procedure is to assume that the skin friction on the

tunnel wall can be approximated by a skin friction relation for a turbulent

flat plate boundary layer growing from Station x [41]. Appendix B gives a

detailed description of this skin friction approximation.

Examining the form of Eqs. (2) and (3), it is clear that this is the

correct expression for the body drag in a tube. Young [5] gives the drag

coefficient for an axisymmetric body in a free stream, with no other

boundaries present, as

C 47r (4)
D A o

where A is a reference area and 0 is the momentum deficit area far downstream

of the body where the static pressure is equal to the freestream pressure. If

the reference area is chosen to be the maximum cross-sectional area of the

body, then

A 2 (5)
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Concluding Remarks

A method for estimating the total drag coefficient of a body of

revolution in a tube is developed. The method is simple in that it applies

currently available tools and does not require an iteration process other

than those in the automated numerical codes used. The approximation is

found to provide reasonable results when compared with experimental data,

and also yields a good trend to the data with variation of the Reynolds

number.

The method, which is derived from a control surface analysis, is based

upon obtaining an inviscid flow solution of the body geometry in a tube,

yielding a pressure distribution over the body. Only axisymmetric,

incompressible flows are considered. The pressure distribution is then

corrected for viscous effects and used as input to a standard boundary layer

code. The first order boundary layer solution provides a momentum deficit

coefficient which is directly proportional to the approximated drag

coefficient.

The approximation does not account for the skin friction on the tunnel

wall or the pressure distribution near the body tail region, which is not

equal to the freestream static pressure. These two terms are difficult to

calculate accurately and tend to cancel each other since they are of

opposite sign. To simplify the procedure, both are neglected in the

approximation.

A possibility for future study could include applying a frozen vorticity

approach like that developed by Hoffman [131 to the drag coefficient problem.

This approach allows strong interaction effects to be considered and provides

accurate results in the body tail region. The present method should also be

further tested on other body shapes and flow conditions.
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Figure 8 compares computed results with experimental hot and cold drag

data for the heated laminar flow body [12]. Since only non-heated conditions

were considered for the approximation, the cold data is of the most

interest. The numerically calculated results provide a reasonable estimate

of the cold experimental data, although the numerically approximated

distribution is slightly lower than the experimental data, especially for

the viscous corrected results. The computed results from the closed body

geometry are compared with the experimental data, since the body/sting

results display a greater slope as the Reynolds number increases, providing

an unsatisfactory trend to the experimental data. The closed body results,

however, provide a good comparison to the experimental data, if not an exact

fit of the experimental points.

It is interesting to note that for the closed body cases computed, the

inviscid results appear to match the experimental results better than the

viscous corrected results. It is possible that the computed curves are

shifted slightly down, since the momentum deficit coefficient could not be

calculated into the near-wake. Further investigation is required to betterI

explain this result. It should also be noted that the position of turbulent

transition has an effect on the location of the drag curves. Since the

transition locations of the experimental and computational results are notj

exactly matched, this will affect the comparison of the data.

Although not exactly fitting the available experimental data, the

calculated results do provide a good estimate of the experimental data. This

was the intention of the present study, to provide a reasonable approximation

for experimental results. This would allow an estimate of the range of

drag coefficient values to be available before testing is begun. This

procedure appears to provide such an estimate.
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The, body geometry was used with two variations -a body/sting

combination and a conical tail. See Figure 4 for a comparison of the tail

region geometries. Drag coefficient distributions varying with Reynolds

number were computed using both inviscid and viscous corrected pressure

distributions. Two extreme cases of boundary layer transition were

considered, with the turbulent boundary layer tripped at 7.5% or 77% of the

body length. Reynolds numbers between 5 and 50 million are considered.

The results of the calculations are given in Table I and Figures 5, 6

and 7. The results for the body/sting combination are determined from 0

calculated at the xstation on the sting. These results are shown in

*Figure 5. For the body fitted with a conical tail, the boundary layer code

indicates separation at approximately 95-96% of the body length for the

Reynolds numbers considered. The drag coefficient is determined from the

momentum deficit coefficient obtained at the last station before program

* failure. These results are shown in Figure 6 and all results are compared

in Figure 7.

Figures 5, 6 and 7 also display extrapolated results. The extrapolated

results were obtained by applying the 0 extrapolation procedure of ABLOl

[9,101 to the body/sting and closed body results. For the body/sting

combination, the extrapolation was applied to 0 *For the closed body cases,
2*

*the procedure was applied to the final 0 obtained before program termination.

I For both geometries, the drag curves obtained using extrapolation are

*drastically lower than the non-extrapolated results, especially when the

turbulent boundary layer is tripped at 7.5% of the body length. These

I estimates are too low to be considered useful.
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(5) With 0 calculated at Station x2  the drag coefficient approximation is

give byEq. (6):

CD 202

Rb

(6) If the boundary layer program indicates separation near the tail end

of the body, the value of 0 calculated at the last axial station

before program failure may be used in Eq. (6). If the boundary layer

code fails farther upstream than 95% of the body length, the drag

estimate will most likely be poor.

Note that while the Douglas-Neumann results are independent of Reynolds

number, both the horizontal buoyancy code and the axisymmetric boundary layer

code require a reference Reynolds number to be input. The location of

I transition must also be input, although the boundary layer code can also
zS

empirically determine a transition location [8].

Results

4 The drag coefficient approximation discussed above was applied to the

geometry of the heated laminar flow body in a 48-inch diameter tube to model

the Garfield Thomas 48-inch diameter water tunnel. The tube was extended

54 inches upstream of the body nose and a turbulent boundary layer was

assumed to begin growth on the tunnel walls at that location. This distance

includes the 17 inches of the test section ahead of the body nose as well

as an additional 37 inches. The assumption is based on experimental data

obtained by Ross [111.

.4%
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Here, u is the velocity at 54 units upstream of the body nose, as given by
m

the DN program. For the case considered here, u0 is unity. Equation (7) can

be rearranged to yield

(l - Cpu
c = (8)

where

':'.::,Cp = (U-T)o . (9)
u 0

Summary of Present Method Procedure

(1) Obtain an inviscid pressure distribution for the desired body geometry

in a tube via the Douglas-Neumann inviscid code.

(2) Correct the DN inviscid pressure distribution for the upstream velocity

profile using Eq. (8) so that all velocities are based on a freestream

velocity of unity.

(3) If desired, correct the inviscid DN pressure distribution from Step (2)

for viscous effects using the horizontal buoyancy correction program [4].

(4) Determine the momentum deficit area coefficient 0 at Station x2 using

the axisymmetric boundary layer program, ABLO1 [8].

(a) If the body is closed at the tail and 0 can be calculated

into the near-wake, 02 can be extrapolated to infinity

using an option of the ABLO1 code.

(b) If the body continues into a sting, the momentum deficit

coefficient should not be extrapolated. The value of

0 should be used for the drag coefficient estimate.
2
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(see Figure 41 to observe which best fit the available experimental data.

The investigation consisted of the following:

(1) An inviscid pressure distribution is obtained for the body of

Ref. [2] mounted on a sting. The final control surface station,

x2, is located on the sting, 113.5 in. back from the body nose.

The momentum deficit coefficient is computed to this station or

the last station before separation.

(2) The inviscid pressure distribution of method (1) is corrected for

viscous effects using the horizontal buoyancy program of Ref. [4].

The momentum deficit coefficient is calculated as in (1).

(3) An inviscid pressure distribution is obtained for the body fitted

with a conical tail. The body length is 124.5 in. from nose to

tail. The momentum deficit coefficient is computed into the

near-wake or to the last station before separation and program

failure.

* (4) The inviscid pressure distribution of method (3) is corrected for

viscous effects using the horizontal buoyancy program. The

% momentum deficit coefficient is calculated as in (3).

Note that the pressure coefficient distribution obtained from the

DN code must be corrected for the upstream uniform velocity profile. As

can be seen in Figure 3, the profile upstream of the body does not have a

value of unity, on which subsequent calculations are based. The inviscid

pressure distribution can be corrected using the relationship

2

2 u 0
p *i---) 7 •) 'Pcorrected 0 m

F4
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considering the canceling effect of pressure and friction terms. This leaves

only the momentum deficit area term and a drag coefficient equation of the

form

C 2  •(6)
D 2 2Rb

Considering the calculation of the momentum deficit term, there are

several options available. If the boundary layer does not separate and 0

can be calculated into the near-wake, then 02 can be extrapolated to 0

using the method detailed by Hoffman [9,10]. The DN code will provide an

inviscid pressure distribution over the body, correcting for the inviscid

blockage effects of the tunnel, with the horizontal buoyancy code [4]

correcting the pressure distribution for viscous effects. The axisymemtric

boundary layer code then provides the momentum deficit coefficient, 0,

extrapolating 02 in the near-wake to 0

If the boundary layer on the body separates, the boundary layer code will

fail as the body skin friction approaches zero. This prevents the calculation

of the momentum deficit area into the near-wake and the extrapolation to

infinity. This was the case in the present study where the tail region

configuration led to a severe adverse pressure gradient. This was true only

for the case where the laminar flow body geometry was fitted with a conical

tail. When the body is considered with a sting, the body does not close and

a momentum deficit area at infinity can not be obtained.

Several approaches for obtaining a drag coefficient distribution with

reference Reynolds number were attempted. The approaches included

computations for the body fitted with a sting as well as a conical tail
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Details of the Method

From the previous discussion, it is clear that accurate numerical

approximation of Eqs. (2) or (3) would be difficult. Accurately determining

the pressure coefficient integral term could probably only be accomplished

with an interacting boundary layer approach or a full Navier-Stokes solution.

For the skin friction term, only a rough approximation is readily available.

Only the momentum deficit area can be calculated accurately and then only

when the flow does not experience separation.

With the tools available, the axisymmetric boundary layer code, the

Douglas-Neumann inviscid code, and a procedure which corrects for horizontal

buoyancy effects [4], the most likely candidate for approximation of Eq. (2)

would be to drop the pressure coefficient integral term. Assuming all three

integrals are positive, this would appear to lead to a slight over-estimate.

This is not the case, however; Figure 3 shows velocity profiles determined

by the DN inviscid code at several streamwise stations. Near the tail of

the body, the velocity between the body and the tunnel wall is approximately

5% greater than the freestream speed due to tunnel blockage effects. The

pressure coefficient integral then becomes negative, with the situation

exaggerated if the boundary layers on the body and tunnel, which effectively

narrow the channel, are considered. The pressure and friction integrals

would then tend to cancel each other.

With the above information in mind, the most logical approximation to

make in the present analysis is to disregard both the pressure and friction

terms. Estimating the drag using the momentum deficit and the friction term

could lead to a significant underestimate of the drag coefficient,
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- Such an approximation is the method of Young [5], which uses only the

inviscid surface velocity for an integral iethod, and does not account for

separated regions. Since this method is well established and includes

inaccuracies in the tail and wake region, it was not considered here.

The last term that needs to be considered is the pressure coefficient

distribution across the tunnel radius at Station 2. This requires an

accurate velocity distribution at the same location. The Douglas-Neumann

code is presently available to calculate the inviscid flow over a body,

including the blockage effect of the tunnel walls. The Douglas-Neumann (DN)

code will provide a detailed velocity profile or "rake" across the tunnel

at a specified station. This velocity profile is not dependent on the

Reynolds number and is also independent of the state of development of the

boundary layers on the body and tunnel walls. Because these effects are

significant for an accurate result, the DN inviscid rake is insufficient

for the present problem.

After considering the possibilities for determining each of the required

* terms for the control surface drag relationships, it is evident that with

- presently available methods, the options are severely limited, without the

development of new methods. The pressure distribution term cannot

* be determined accurately and the skin friction term available is only an

* approximation. Only the momentum deficit area can be calculated with

3 - accuracy and then only when the boundary layer is non-separating. Since

boundary layer separation is often quite probable, especially near trailing

* edges or tail regions, an accurate approximation of the drag coefficient is

difficult. This was the case with the body geometry studied here. However,

an estimate is still possible and the approximations attempted for this

study are discussed in the following section.
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layer as a turbulent flat plate boundary layer beginning at Station 1 [4,6].

For a more accurate estimate, the axisymemtric geometry of the tunnel wall

would need to be considered. Only the flat plate estimate is considered

here.

The momentum deficit area can be obtained using a standard axisymmetric

boundary layer solution code, such as ABLO1 which is available at ARL [7,8].

This code solves the first order boundary layer equations in finite

. difference form using a Newton iteration technique. Turbulent boundary layers

are treated using an algebraic eddy viscosity model modified for extra rates

of strain in the turbulent axisymmetric boundary layer.

For a non-separated boundary layer, ABLO1 can determine 0 at the tail of

the body, and using an extrapolation method [9,101, determine 0. Neither

the boundary layer code nor the extrapolation include strong interaction

effects present at the tail of the body where streamline curvature effects,

as well as the abrupt transition from boundary layer to wake, become

important. An iteration method which couples the boundary layer solution

to the outer inviscid flow solution would account for most interaction

effects at the tail of the body. An interacting boundary layer approach

would not, however, include normal pressure gradient effects which are

significant where streamline curvature is large [1].

Although the available boundary layer code, ABLO1, works well for non-

separated boundary layers, it fails when the wall shear approaches zero,

indicating separation. If this is the case, a method capable of handling

the separated regions must be developed, or approximations must be made

which permit an approximate solution in this region, since separated

regions will affect the required value of the momentum deficit coefficient.

.L4
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-and Eq. (41 has the same form as the first term in Eqs. (2) and (3). The two

additional terms in these equations are present since

(1) the momentum deficit is not evaluated at an infinite distance

downstream of the body, preventing the static pressure from

returning to the freestream pressure, and

(2) the body is not positioned in a free stream, but inside

a cylindrical tube which experiences friction with the

fluid and also produces a blockage effect in the

velocity distribution around the body.

*The two additional terms present in the derived drag relationships correct

- for these effects.

* The analytically determined equations for closed bodies or body/sting

combinations are then correct as they stand. Methods to yield numerical

* results by evaluating these equations must now be developed and applied.

Numerical Approach

Preliminary Discussion

The drag coefficient equations discussed in the previous section,

Eq. (2) for a closed body and Eq. (3) for a body/sting combination, are

essentially identical except for changes in the lower integration limits.

For clarity, the drag coefficient relation for the closed body will be

considered primarily. Exceptions are noted for the body/sting case when

necessary.

Three integral quantities in Eq. (2) must be evaluated to determine

- an accurate estimate of the drag coefficient. Appendix B describes an

* approximation which allows an analytical closed form evaluation of the

* skin friction term. This simplification treats the tunnel wall boundary
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Figure 5. Drag Results for Laminar Flow Body with Sting.



-27- 25 June 1.95

o27 NOEXRPOATD INVSC

o NON-EXTRAPOLATED, IVISOU
A NOEXTRAPOLATED, VISCOUS
a EXTRAPOLATED, IVISCUS

0.14AEXRPLTDVICU

0.12 TURBULENT
TRANS ITION

SAT 7. 5 /
o~oBODY LENGTH

C D
J.

'I..

TURBULENT
TRANS ITION
AT 77 %
BODY LENGTH

0Re L x 107

Figure 6. Drag Results for Lam~inar 
plow Body with Conical Tail.



-28- 25 June 1985

KCK: 1hz

*3

* 0 0

-J~LL 0 .''' L

00

- I~ 0

c):
- 0

4 w
*L CLa

C) 0

0L LUj 0

cc0

I--

00 0 0

LU4 0
ca)

0~ 0

C)U

CD -



-29- 25 June 1985
KCK: 1hz

LI

LI

LJ

000

000

0II
Im

0 0
0. 0~ 0

~0 0 0 .

*0 04

00 /0

CIIQ

0 00

0 0 00 0M7

A3 131303O0 DVHG AGOS



-30- 25 June 1985KCK:lhz

Appendix A .
Consider the open system control volume for a body/sting combination

shown in Figure 1. From conservation of momentum

(exterior forces on the fluid)

(momentum out of C.V.) - (momentum into C.V)

For the x-component of momentum

R R R x200 1I
Pi - f p2(2rdr) dr2 - f Tw(2nRo)dx - D

0 R 0

R0  R02 2

= 2 u 2 (2wrdr) - f plUl(2irrdr) . (A.1)

RI  0

From continuity

RO R0.

f P2 u 2 (27wrdr) - pU1 (21rdr) 0 (A.2)
RI  0

Multiplying Eq. (A.2) by the freestream velocity u.,,

R 0  R 0
u2u (2wrrdr)d f 0 (A.3)

21  2 11gR0

Subtracting Eq. (A.3) from the RHS of Eq. (A.1) yields

K"r4i
4L
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R0 R R

f P1 (2wrdr) - f P2 (2wrdr) - f PB(21rdr)
0 RI  0

x R
x 2  0 2

- f Tw(27R 0 )dx - D - p2u2 (2rrdr)
x 1  R

R R R

- f P2u2u.(2wrdr) -f pu(2irdr) + f pu u.(27rrdr)
RI  0 0

Combining terms and dividing by 2w, the equation becomes

R 0  R I  x 20 D

(P2 - p)rdr - f (pB - pl)rdr - TR 0 dx -R,0 
x 1

R0 R0

I 2u2(u2 - u.)rdr - I p ui(u1 - u.)rdrRI  0
20

Assuming that the flow is incompressible and P2  p1 p=., divide by p u2L,

where L is a reference length:

S.'

* U ' * ~ U .- S .. *
.U~ S *b * S. U. . *b . U *U U U -



, - , w s - j .: - - . - - t - .. , -- -. p - ., - - -i f .I- . - - - .

-32- 25 June 1985
KCK:lhz

D = _ 0 RP Pl pd d -D IP PlB IP2 (p 2  f 2 rdr

2wp u L pu 0 u

R0 2 0 u u2 T 0 0 u I  u I
dx (1 -) rdr f -I ((A.4)

R ^ x
where R L , x = and r = If Station x is taken upstream so

that p = p and u. = u, and defining the pressure, skin friction and

momentum deficit area coefficients

p - p= ,i
C = 2 (A.5a)P' 1/2pu

L

w

Cf = 2 (A.5b)
f 1/2p u2

and

R 0 u2 2i

E2  f (I 2) u 2  , (A.5c)

u U

mmI

then Eq. (A.4) becomes

I,

1"



-33- 25 June 1985
KCK:lhz

DR C R 0x2D 1 0 O R0 x

2 f rd -if Cp rdr -
f  Cfdx + • (A.6)

2rpu L R 20 B )

If the drag coefficient is redefined as

DD 2
1/2p u2A

2
where Ab = TR.* Then the drag coefficient relation, Eq. (A.6), can be

written as

CDd =. [2 .f C - f C dr - T--f Cfdx^] . (A.7)

This same procedure can be repeated for the closed body configuration in

Figure 2. For the closed body system, the base pressure term is not

required. The momentum equation in the x-direction is then

R0 R0 x2

f  Pl(2rrdr) - f  P2(2 rdr) - f  Tw(21rR 0 )dx
0 0 x

1

R R
2 2
2D f P u(2wrdr) - f p u (27rrdr) (A.8)

0 0

Continuity yields
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R R
0 0
f P2u 2(21rdr) - f p1u1 (21rrdr) = 0 (A.9)
0 0

Following the same manipulations as applied to the body/sting equations, the

result for a closed body is

CD --4 0 R0 x 2

C L2 [0 - C rdr-- f Cfdx] (A.10)R 0 P2
Rb0 X

where

u2  u2
02 -f (1 -- )--dr

0

The main assumptions involved in the above analysis are:

(1) The flow is incompressible.

(2) The flow is unheated.

(3) The flow is axisymmetric.

(4) The Station xI is taken a distance upstream of the

body such that the conditions there are equal to

the freestream conditions.
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Appendix B

One of the terms involved in the drag coefficient analysis is the

integral of the tunnel wall skin friction from location x1 to x2  This

integral has the form

x 2

CD =f Cfdx . (B.1)

xl

To avoid applying a complex boundary layer analysis to the tunnel wall, the

determination of C can be simplified by assuming the tunnel wall boundaryDf

layer behaves as a fully turbulent flat plate boundary layer, beginning at

x1 . Then, well-known turbulent flat plate boundary layer relations can be

applied. From Ref. [6]

Cf = 0.0592(Rex) 1 / 5  (B-2)

ux
where Re -. Noting that

x V

Re ux
Re V~~~T =~X , (B.3)
eL

then

i '-1/5Cf 0.0592(RexJL (B.4)f = L
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Substituting (B.4) into (B.1) yields

CD 0.0592 R-15f x1 '/5 dx

or

CD 0.074 Re-1/5 4/5 45(B )

If the x1 location is taken as the origin, then

-1/5 4/5
CD 0.074 Re x(B6

DfL 2(B6
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